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In this Letter, we introduce leptogenesis via a varying Weinberg operator from a semi-classical
perspective. This mechanism is motivated by the breaking of an underlying symmetry which trig-
gers a phase transition that causes the coupling of the Weinberg operator to become dynamical.
Consequently, a lepton anti-lepton asymmetry arises from the interference of the Weinberg opera-
tor at two different spacetime points. Using this semi-classical approach, we treat the Higgs as a
background field and show a reflection asymmetry between the leptons and anti-leptons is generated
in the vicinity of the bubble wall. We solve the equations of motion of the lepton and anti-lepton
quasiparticles to obtain the final lepton asymmetry.
PACS numbers: 98.80.cq
I. INTRODUCTION
The origin of tiny neutrino masses and the asymmetry
between baryons and anti-baryons in the Universe are
two fundamental and open questions in particle physics.
An important theoretical development linking both is
baryogenesis via leptogenesis [1], which applies the new
physics motivated by tiny neutrino masses to generate an
asymmetry between leptons and anti-leptons. This lep-
ton asymmetry is later converted into the baryon asym-
metry via weak sphaleron processes.
Recently, we proposed a new mechanism to generate
the lepton asymmetry via the Weinberg operator [2] (see
also [3, 4]). This operator is given by
LW = −λαβ
Λ
`iαLε
ijHjC`kβLε
klH l + h.c, (1)
where `L = (νL, lL)
T in the SU(2)L gauge space, λαβ =
λβα are effective Yukawa couplings with flavour indices
α, β = e, µ, τ and C is the charge conjugation matrix. We
demonstrated that the dimension five Weinberg operator
can play a crucial role in leptogenesis without the need
to specify the completion of this operator. It provides
two ingredients for the leptogenesis recipe:
• The Weinberg operator violates lepton number
by two units and triggers lepton-number-violating
(LNV) processes, including
H∗H∗ ↔ `` , `H∗ ↔ `H , `H∗H∗ ↔ ` ,
`↔ `HH , H∗ ↔ ``H , 0↔ ``HH, (2)
and their CP conjugate processes, where ` and H
are the left-handed leptonic and Higgs doublet of
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the Standard Model, respectively. The CP violat-
ing phase transition occurs at much higher temper-
atures than the electroweak (EW) scale, and there-
fore the Higgs has not acquired a non-zero vacuum
expectation value (VEV) and it is almost in ther-
mal equilibrium.
• After electroweak symmetry breaking (EWSB), the
Higgs acquires a VEV 〈H〉 = (0, vH/
√
2)T and the
neutrino mass matrix is given by
(mν)αβ =
λαβ
Λ
v2H . (3)
This operator violates lepton number and generates
Majorana masses for neutrinos. As the primary
motivation for the Weinberg operator is the gen-
eration of tiny neutrino masses, all processes trig-
gered by this operator are very weak [5]. The rate
of these LNV processes is approximately
ΓW ∼ 3
4pi3
m2ν
v4H
T 3 , (4)
where vH = 246 GeV is the Higgs VEV and
mν . 0.1 eV is the neutrino mass. For temper-
atures T < 1013 GeV, as ΓW is smaller than the
Hubble expansion rate, H ∼ O(10) T 2mPl , the LNV
processes generated by the Weinberg operator are
out of thermal equilibrium. Moreover, because of
the smallness of the LNV rates, the washout medi-
ated by the dimension-five operator is highly sup-
pressed and can be safely ignored.
In our mechanism, CP violation is provided by a CP-
violating phase transition (CPPT) in the very early Uni-
verse. This phase transition causes the coefficient of the
Weinberg operator to be dynamically realised and con-
tain irremovable complex phases. Such a phase transition
is strongly motivated by a variety of new symmetries such
as B − L and flavour symmetries. In order to generate
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FIG. 1. Lepton and antilepton reflection on the bubble wall
during phase transition from Phase I (〈φ〉 = 0) to Phase II
(〈φ〉 = vφ) in the rest bubble wall frame. We set the bubble
wall perpendicular to the z direction. R`¯`(z0) and R ¯`` (z0)
represents the z-dependent transition amplitudes for lepton to
anti-lepton and anti-lepton to lepton, respectively, at z = z0.
sufficient baryon asymmetry, we found the temperature
of the phase transition to be approximately 1011 GeV. We
discussed this mechanism in [2] and calculated the lepton
asymmetry using non-equilibrium field theory methods.
Moreover, in our twin paper [6] we provide some addi-
tional discussion on the influence of the phase transition
dynamics and how the particle thermal properties con-
tribute to the mechanism.
In this Letter, we present a simplified and intuitive
description of this mechanism based on a semi-classical
approximation. In order to do so, we follow the method
introduced in [7] where they calculated the transition be-
tween left-and right-handed fermions via a varying mass
during the electroweak phase transition (EWPT) 1. The
techniques applied in [7] are particularly amenable as the
baryon asymmetry is calculated from solving the equa-
tions of motions of the Green’s functions of the left- and
right-handed quasiparticles where the asymmetry itself
manifests from the CP violating reflections of particles
off the bubble wall. The calculation is rather transpar-
ent and some of the simplifying assumptions they made,
such as a thin and fast moving bubble wall, parallel our
own.
We emphasise that the CPPT mechanism works only if
the UV-completion scale, Λ, is higher than the tempera-
ture of the phase transition T . If Λ . T , new lepton-
number-violating particles, for example, right-handed
neutrinos needed for the type-I seesaw mechanism, may
be produced in the thermal bath during the phase tran-
sition. Subsequently, the phase transition may influence
the leptogenesis via the decays of these particles as is
studied in [10].
1 This work, along with several others [8, 9], demonstrated that
the amount of CP violation within the Standard Model (SM) is
not sufficient to produce the observed baryon asymmetry of the
Universe (BAU).
We organise the remainder of this Letter as follows: we
first review the mechanism in Section II; we then state
the main assumptions of the semi-classical description in
Section III. Finally, we present the calculation of lepton
asymmetry in Section IV and make concluding remarks
in Section V.
II. THE CPPT MECHANISM
The Weinberg operator of Eq. (1) is the simplest
higher-dimensional operator needed to explain tiny neu-
trino masses. As discussed in Refs. [2, 6], in many models,
the coupling of the Weinberg operator can be function-
ally dependent upon a SM-singlet scalar, φ, such that
λαβ = λ
0
αβ + λ
1
αβ〈φ〉/vφ. Associated to φ is a finite tem-
perature scalar potential, which is symmetric under a
U(1)B−L or flavour symmetry at sufficiently high tem-
peratures. As the temperature of the Universe lowers, the
minima at the origin of this potential becomes metastable
and a phase transition occurs. As a result, the minima
changes from the vacua at the origin to a deeper, true
vacua which is stable and non-zero, 〈φ〉, and activates
the CP violating coupling coefficient, λαβ . The ensem-
ble expectation value (EEV) of φ spontaneously breaks
the high-scale symmetry and, if it is a flavour symmetry,
results in the observed pattern of leptonic masses and
mixing.
Assuming a first order phase transition, bubbles of the
leptonically CP-violating broken phase nucleate. We de-
note the bubble wall width and bubble wall velocity as
as Lw and vw, respectively. In the following calculation,
we work within the bubble wall rest frame where the
bubbles wall is stationary and the thermal plasma moves
against the wall with velocity −vw. Inside the bubble
wall, the EEV is spacetime-dependent and therefore the
coupling of the Weinberg operator, λαβ , must also vary
with spacetime. This has the effect that the interference
of the Weinberg operator at different times produces a
lepton asymmetry.
Before the CPPT is triggered, there are equal amounts
of leptons and anti-leptons in the thermal plasma and
they are thermally distributed. Once the CPPT begins,
a bubble nucleates with the bubble wall separating the
symmetric and broken phase which are denoted in Fig. 1
as Phase I and II respectively. The majority of the lep-
tons, anti-leptons and Higgses pass through the bubble
wall; however, there will be some of these particles species
which reflect off the wall. As the bubble wall causes
the coupling of the Weinberg operator to be CP violat-
ing, the transition from leptons to anti-leptons and that
from anti-leptons to leptons will be different in the pres-
ence of the bubble wall. Therefore different amounts of
anti-lepton and leptons will be produced after these scat-
terings. As discussed, the interactions mediated by the
Weinberg operator are out of thermal equilibrium and
therefore LNV processes do occur but are rather rare.
We note that the coefficient of the Weinberg operator
3varies only along the z direction in the wall as shown in
Fig. 1. Since the PT scale is much higher than the elec-
troweak scale, all particles are massless, and the lepton `
and anti-lepton ¯` have helicity −1 and +1, respectively.
To further elaborate, we consider a group of leptons, `,
propagating to the wall from the left hand side (Phase
I). While most of the particles move freely through the
wall to the right hand side (Phase II) without reflecting
off the wall, a small proportion of the leptons will hit
the wall and subsequently convert to anti-leptons via the
Weinberg operator. Since leptons and anti-leptons have
opposite helicities, ¯`should move backwards to the Phase
I zone. This process leads to the non-conservation of the
momentum in the z direction.
We denote the amplitude for transition from lepton to
anti-lepton at z = z0 as R`¯`(z0). Likewise, for anti-lepton
to lepton at z = z0 we denote this amplitude as R ¯`` (z0).
These transitions originate from the varying Weinberg
operator and the CP asymmetry between these two pro-
cesses is given by
∆CP (z0) ≡ |R ¯`` (z0)|2 − |R`¯`(z0)|2 . (5)
The interference of Weinberg operator at different z can
lead to non-zero CP violating effects in the thermal
plasma. In this case, given an equivalent amount of initial
leptons and anti-leptons propagating from the right hand
side; a different amount of anti-leptons and leptons can
be generated via the reflection. This asymmetry finally
diffuses to Phase II and will be preserved. The number
density asymmetry of lepton and antilepton is given by
∆n` =
∫
d3k
(2pi)3
[f`(k)− f¯`(k)] =
∫
d3k
2pi
fth(k)∆CP (z0) ,
(6)
where fth(k) =
[
exp(β ωk−vwkz√
1−v2w
)+1
]−1
is the Fermi-Dirac
thermal distribution boosted to the wall frame.
In the following, we will carry out the semi-classical
approximation to relate ∆CP (z0) with the varying Wein-
berg operator.
The CPPT mechanism shares a common feature with
EWBG; namely that a phase transition is necessary to
drive the generation of a baryon asymmetry. However,
the two mechanism differ markedly and it is worthwhile
to remark on the features which distinguish them. First,
in EWBG, the baryon number violation is provided by
sphaleron transitions in the symmetric phase. Both the
out-of-equilibrium condition and C/CP violations are in-
duced by EW phase transition. Therefore, in EWBG,
the phase transition is key to the generation of the non-
equilibrium evolution. In order to achieve this, rapidly
expanding bubble walls are required such that the back-
reactions are not efficient to wash out the generated
baryon asymmetry. In the CPPT mechanism, the B −L
number violation and departure from thermodynamic
equilibrium are directly provided by the very weakly cou-
pled Weinberg operator. The PT is only necessary to
provide a source of C/CP violation and is not needed for
the efficiency of reactions in the system. Consequently,
successful leptogenesis in this setup does not necessarily
require a first-order PT and it is possible a CP-violating
second-order PT would also generate a lepton asymme-
try. The purpose of assuming the first-order phase tran-
sition in this work is to simplify the discussion.
III. THE SEMI-CLASSICAL APPROXIMATION
In this section, we introduce the semi-classical approx-
imations we use for the lepton asymmetry calculation.
Firstly, we introduce the equations of motion (EOM) for
the leptonic doublets and the effective mass-like matrix
which parametrises the lepton anti-lepton transitions.
Secondly, we review our treatment of the Higgs as a back-
ground field.
A. Equation of Motion for Leptonic Quasiparticles
We begin from the well-known equation of motion for
Majorana neutrinos at low energy. It is expressed as(
iσµ∂µ mν
m†ν iσ¯
µ∂µ
)(
χν
χν¯
)
= 0 , (7)
where νcL ≡ CνLT = (νc)R. The Majorana mass matrix,
mν , results in the neutrino anti-neutrino transitions and
oscillations (see, e.g., [11]).
In the early Universe, when the Higgs is in its sym-
metric phase, the Higgs field may fluctuate. Such fluc-
tuations can be enhanced by temperature and influence
the behaviour of neutrinos, as well as the charged lep-
tons. For this reason, we treat the Higgs as a background
field. Taking account the SU(2)L symmetry the effective
EOM for the leptonic doublet quasiparticles is directly
obtained from Eq. (1) as(
iσµ∂µ M`(x)
M†` (x) iσ¯
µ∂µ
)(
χ`(x)
χ¯`(x)
)
= 0 . (8)
In the SU(2)L gauge space the wave functions and mass-
like matrix are given by
χ`(x) =
(
χν(x)
χl(x)
)
, χ¯`(x) =
(−χν¯(x)
χl¯(x)
)
, (9)
M†` (x) =
λ(x)
Λ
(
2
[
H0(x)
]2 −2H0(x)H+(x)
−2H0(x)H+(x) 2 [H+(x)]2
)
, (10)
where we have made the xµ-dependence explicit to em-
phasise the spacetime-dependence of M`. Note that the
effective Majorana mass-like matrix, M`(x), originates
from the Weinberg operator and leads the transition be-
tween lepton and anti-lepton which will be of importance
for the lepton asymmetry generation.
4B. Higgs as a Background Field
As the Majorana mass-like matrix, M`(x), derives from
the Higgs field, the thermal properties of this scalar field
will be of fundamental importance to the semi-classical
treatment we detail in this paper. Above the EWSB
scale, the mean value of the Higgs field may be zero at
finite temperatures, 〈H〉 = 0. However, the mean value
of 〈H†H〉 is non-zero and such fluctuations correspond
to particle excitations and annihilations in the thermal
plasma.
As a complex field, the mean value is given by
〈H0∗H0〉 = 〈H+∗H+〉 = 1
2
〈H†H〉
= 2
∫
d3k
(2pi)3
1
2ω
1
eβω − 1 =
T 2
12
, (11)
where we have ignored the effective thermal masses and
chemical potential of the Higgs. It is worth noting that
the mean values of 〈(H0)2〉, 〈(H+)2〉 and 〈H0H+〉 should
be zero. As we shall see later, this property will be im-
portant in the enhancement of the lepton asymmetry pro-
duction at high temperatures.
Another interesting property is that the mean value
〈(H†(x)H(x))2〉 is correlated with 〈H†(x)H(x)〉 2 by
〈(H0∗(x)H0(x))2〉 = 〈(H+∗(x)H+(x))2〉
=
1
3
〈(H†(x)H(x))2〉 = T
4
72
. (12)
The expectation values for H and H† at different
spacetimes give the Wightman propagators, e.g.,
〈H0∗(x2)H0(x1)〉 = S<H0(x1, x2) ,
〈H0(x1)H0∗(x2)〉 = S>H0(x1, x2) . (13)
For the detailed discussion on correlations between lep-
ton asymmetry and Wightman propagators, please see
Ref. [6]. In this paper, we will ignore the spacetime dif-
ference between H and H†. This treatment simplifies
the discussion and is sufficiently good to derive the CP
asymmetry qualitatively.
IV. LEPTON ASYMMETRY IN THE
SEMI-CLASSICAL APPROXIMATION
The concept of quasiparticles has been known for many
decades [13, 14] and manifests as particle properties be-
come modified in medium; for example particles may ac-
quire a different mass from that in vacua as a result of
2 It is proved in the following. For a real scalar ϕi, 〈ϕ2i 〉 = T 2/12,〈ϕ2ni 〉 = (2n − 1)!!〈ϕ2i 〉n [12]. For a complex scalar Φ = (ϕ1 +
iϕ2)/
√
2, 〈Φ∗Φ〉 = 1
2
〈ϕ21 + ϕ22〉 = T 2/12, 〈(Φ∗Φ)2〉 = 14 〈(ϕ21 +
φ22)
2〉 = 1
4
〈ϕ41 +ϕ42 +2ϕ21φ22〉 = 14 (3〈ϕ21〉2 +3〈ϕ22〉2 +2〈ϕ21〉〈ϕ21〉) =
2〈Φ∗Φ〉2.
their interactions in plasma. In general, such properties
can be described by collective excitations or a quasipar-
ticle description. These quasiparticles are characterised
by their dispersion relation which gives their energy (ω)
as a function of their momentum (k). Moreover, a stable
particle in vacuum may have a finite lifetime in medium
and this corresponds to the quasiparticle damping rate,
γ. The damping characterises the degree of decoherence
of particles and therefore gives a measure of the spread in
the particle energy due to their interactions in medium.
We define the decoherence length, L, similarly to [7]
L =
vg
2γ
=
1
6γ
, (14)
where vg is the group velocity of the quasiparticle. As
the quasiparticles of interest in our mechanism are lep-
tons, the decoherence results mainly from the electroweak
gauge interaction. In this case, as the quasiparticles have
homogeneous distributions parallel to the wall, it is rea-
sonable to restrict our attention to quasiparticles with
momenta perpendicular to the bubble wall [7]. We move
to the rest wall frame and expand `L and `L by positive
and negative frequencies in the spinor space, respectively.
As left-handed particles, they can be parametrised as
`L =
 exp[−i(ωt− kinz)]χ1`(z)exp[−i(ωt+ koutz)]χ2`(z)0
0
 ,
`L
T
=
 00exp[+i(ωt− kinz)]χ1¯`(z)
exp[+i(ωt+ koutz)]χ2¯`(z)
 . (15)
Here, we have required χ1` and χ1¯` to be incoming quasi-
particles moving in the +z direction, and χ2` and χ2¯` to
be outgoing quasiparticles moving in the −z direction
(i.e. the quasiparticles in this upper component of the
spinor are moving into the bubble, and the lower com-
ponent are reflected back to Phase I by the wall). χ1`(z)
and χ2¯`(z) have spin jz = − 12 , while χ1¯`(z) and χ2`(z)
have spin jz = +
1
2 . The coherence of these states may
be included using the following replacement
kin → Kin = kin + i
2L
,
kout → Kout = kout − i
2L
, (16)
with γw = γ
√
1− v2w being the boosted damping rate.
As M`(z) does not change energy in the wall frame, we
do not distinguish between the energy, ω, of the leptons
and anti-leptons. The EOM is decomposed into two un-
coupled equations, one for jz = − 12 and the other for
jz = +
1
2 quasiparticles. They are expressed as[
(−i∂z + ω)12 −
(
−Kin M†` (z)−M`(z) −Kout
)](
χ1`(z)
χ2¯`(z)
)
= 0,(17)[
(−i∂z − ω)12 −
(
Kin −M`(z)
M†` (z) Kout
)](
χ1¯`(z)
χ2`(z)
)
= 0,(18)
5respectively. The energy-dependent term does not con-
tribute to the CP violation in the rest wall frame, and
thus we will not include it in the following discussion.
The calculation of the lepton asymmetry generated
from CPPT will follow from solving the EOMs for the
leptonic doublet quasiparticles.
Now we consider the amplitude of χ1` transition to χ2¯`
and use the techniques developed in [7] for electroweak
baryogenesis (EWBG). The transition from left-handed
fermion to right-handed fermions via a spacetime-varying
mass is similar to our case of the transition from left-
handed lepton to right-handed anti-lepton via the time-
varying Weinberg operator.
The first step is to consider the propagation of quasi-
particles in Phase I where we restrict our discussion to
the jz = −1/2 quasiparticles χ1` and χ2¯`. The relevant
Green functions are(
−i∂z +K in(out)
)
G`(¯`)(z − z0) = 1δ(z − z0) . (19)
In order to require no sources of quasiparticles at spatial
infinity, the boundary conditions
G`(−∞) = G¯`(+∞) = 0, (20)
are necessary.
The solution of the Green functions with the relevant
boundary conditions is given by
G`(z − z0) = iθ(z − z0)e−iKin(z−z0)
= iθ(z − z0)e−(z−z0)/(2L)e−ikin(z−z0) ,
G¯`(z − z0) = −iθ(z0 − z)e−iKout(z−z0)
= −iθ(z0 − z)e−(z0−z)/(2L)e−ikout(z−z0) .
(21)
The lepton quasiparticle will propagate from Phase I into
Phase II. For this purpose, we may consider leptons with
a δ-function source at z = z0 propagating into the bub-
ble wall. The influence of the wall leads to an effective
“mass” term, M`(z), as explained above and the evolu-
tion of quasiparticles is described by Eq. (17). Taking
advantage of the Green function method, we obtain
χ1`(z) = −iG`(z − z0)χ1`(z0)
+
∫
dz1G`(z − z1)M†` (z1)χ2¯`(z1) ,
χ2¯`(z) =
∫
dz1G¯`(z − z1)[−M`(z1)]χ1`(z1). (22)
Since the Weinberg operator is relatively weakly cou-
pled to the thermal plasma, we ignore all corrections .
O(M2` ). Therefore, the amplitude for χ1`(z0)→ χ2¯`(z0),
R`¯`(z0), corresponding to the reflection matrix RLR in
[7], is given by
R`¯`(z0) = i
∫
dz1G¯`(z0 − z1)M`(z1)G`(z1 − z0)
= i
∫ +∞
0
dz1e
−z1/Leikoutz1M`(z0 + z1)e−ikinz1 .
(23)
We can calculate the amplitude for χ1¯`(z0)→ χ2`(z0) by
assuming a similar treatment of a δ-function source at z0
and moving in the +z direction. The resultant reflection
matrix R ¯`` , corresponding to the reflection matrix R¯LR
in [7], is
R ¯`` (z0) = i
∫ +∞
0
dz1e
−z1/Leikoutz1M†` (z0 + z1)e
−ikinz1 .
(24)
Finally, we obtain the CP asymmetry of the amplitude
(defined in Eq. (5)) as
∆CP (z0) =
∫ +∞
0
dz1dz2e
−(z1+z2)/Lei(kout−kin)(z1−z2)
×[M†` (z0 + z1)M`(z0 + z2)−M`(z0 + z1)M†` (z0 + z2)]
= 2
∫ +∞
0
dz1dz2e
−(z1+z2)/L sin[(kout − kin)(z1 − z2)]
×Im[M`(z0 + z1)M†` (z0 + z2)] . (25)
This quantity is determined by 1) the momentum change
kout − kin due to the pressure from the wall and 2) the
imaginary part of the interference of two varying Majo-
rana mass-like matrices Im[M†` (z0 +z1)M`(z0 +z2)]. The
criteria ∆CP 6= 0 at order O(M2` ) can only be fulfilled if
these two conditions are satisfied. As discussed in Sec-
tion II, the z-dependent varying Weinberg operator can
lead to momentum non-conservation in the z direction.
Ignoring the momentum exchange with the Higgs boson,
this momentum non-conservation is explicitly written as
kout 6= kin . (26)
The momentum difference kout − kin represents the im-
pulse of the wall acting on the leptons and anti-leptons.
A similar problem is encountered in EWPT studies and
the on-shell condition is usually assumed, where the mo-
mentum difference is correlated with the mass varying
along the z direction. The on-shell condition is relaxed
once transition radiations are included, and the latter is
more important if bubble wall moves very fast [15]. In
our case, applying the on-shell condition can only give us
very small momentum change because M` is very small.
A large momentum change can be obtained through in-
teractions of the scalar excitation with the leptons, anti-
leptons and Higgses. Such processes manifest as there is
an energy gradient within the bubble wall and the scalar
excitation can be produced off-shell and interact with the
leptons, anti-leptons and Higgses thereby causing pertur-
bations in their distribution functions from equilibrium.
To simplify the problem, we make the reasonable assump-
tion that the maximum value of the momentum transfer
is of the order of the plasma temperature [6].
We will discuss in detail the term Im[M†` (z0 +
z1)M`(z0 + z2)] shown in the above expression. We can
rewrite this term as AB/Λ2, where A and B specify the
flavour and gauge component contributions respectively.
6For CP violation between ¯`α → `β and its conjugate pro-
cess to occur, we have
Aαβ = Im{λαβ(z0 + z1)λ∗αβ(z0 + z2)} . (27)
And the total contribution with all flavour summed to-
gether is given by
A ≡
∑
αβ
Aαβ = Im{tr[λ∗(z0 + z1)λ(z0 + z2)]} . (28)
For CP asymmetry between ν¯ − ν, l¯ − ν, ν¯ − l, l¯ − l
transitions, B, is respectively given by
Bν¯ν = 4(H
0∗H0)2 ,
Bl¯ν = 4(H
0∗H0)(H+∗H+) ,
Bν¯l = 4(H
0∗H0)2 ,
Bl¯l = 4(H
0∗H0)(H+∗H+) , (29)
Ignoring the energy-momentum exchange between lep-
tons and Higgs, and taking mean values on the right-
hand-side as proved in Eqs. (11) and (12), we obtain
Bν¯ν = Bl¯l =
T 4
18
, Bl¯ν = Bν¯l =
T 4
36
. (30)
The average among gauge components is given by
B ≡ 1
2
(Bν¯ν +Bl¯ν +Bν¯l +Bl¯l) =
T 4
12
. (31)
Taking into account the results of A and B as given
above, we obtain the integration of Eq. (25). We find
it is dependent upon three terms: the interference of
coefficient term A; the damping term e−(z1+z2)/L and
the oscillation term sin[(kout − kin)(z1 − z2)]. In gen-
eral, the wall length and decoherence length are in-
versely proportional to the temperature and the momen-
tum transfer is proportional to the temperature. There-
fore, the CP asymmetry ∆CP (z0) in Eq. (25) is propor-
tional to Im{tr[λ0λ1∗]}T 2/Λ2, with the coefficient de-
pending on the competition of the three terms, where
Im{tr[λ0λ1∗]}/Λ2 = Im{tr[m0νm∗ν ]}/v4H . Therefore, the
final baryon asymmetry is given by
ηB ∼ ∆n`
nγ
∼ Im{tr[m0νm∗ν ]}
T 2
v4H
, (32)
which is qualitatively the same as our previous result [2].
Through this simplified treatment, we recover the com-
bination Im{tr[m0νm∗ν ]} and the temperature-dependent
contribution ∝ T 2 to the number density asymmetry be-
tween lepton number and anti-lepton number.
V. CONCLUSION
In this paper, we apply a semi-classical approxima-
tion to calculate the lepton asymmetry generated by the
varying Weinberg operator. Firstly, we approximate the
Higgs field as a background field. Following this treat-
ment, we can effectively regard the Weinberg operator as
an effective “Majorana mass term” for the leptonic dou-
blet. Then, we write out the EOM for both lepton and
anti-lepton quasiparticles, in which the “Majorana mass
term” results in lepton anti-lepton transition. During
the CP-violating phase transition, the “Majorana mass
term” varies with spacetime, and the transition from lep-
ton to anti-lepton and that from anti-lepton to lepton are
not equal. This treatment is analogous to one approxi-
mation used in EWBG, where the varying fermion mass
result in the asymmetric transition between left-handed
and right-handed components.
In this semi-classical approximation, we do not try
to provide quantitatively precise results of the lepton
asymmetry as the energy-momentum transfer with
the Higgs has been ignored. However, this simplified
treatment allows us to present the mechanism more
intuitively. Moreover, one of the main results of this
paper is that, in the single scalar case, the number
density asymmetry between lepton and anti-lepton
∆n` ∝ Im{tr[m0νm∗ν ]}T 2/v4H agrees with the result
obtained using the non-equilibrium QFT approach.
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